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RESULTS OF AERODYNAMIC HEAT TRANSFER TESTS OF A 


0.0175-SCALE MODEL OF THE 
ROCKWELL INTERNATIONAL SPACE SHUTTLE ORBITER 139 
(MODEL NUMBER 22-0) IN THE NASA/ AMES 3.5-FOOT 
HYPERSONIC WIND TUNNEL (TEST 0H6) 
by 

W. H. Dye, Rockwell International Space Division 
William K. Lockman, NASA-Ames Research Center 

ABSTRACT 

This report presents the results of a Hypersonic Wind Tunnel Test 
Program conducted using a 0.0175-scale thin-skin thermocouple model of 
the Rockwell International Space Shuttle Orbiter (Model 22-0) to obtain 
aerodynamic heat transfer data on the -139 configuration Orbiter under 
simulated entry conditions. 

This test program was conducted in the NASA Ames Research Center 3.5 
Hypersonic Wind Tunnel at a Mach number 7.3 and freestream Reynolds number 
from 1.0 to 6.0 million per foot. The model was tested through an angle- 
of-attack range from 10° to 30° at 0 degrees sideslip angle. 
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NOMENCLATURE 


Computer 

Symbol Symbol 
b 

b/2 

C 


Cqj C-j 3 Cg 


‘'p 

CHAN 


H 


w. 


HAW 
HT 
HW 

h H 

hg HS 

h/h^(X.XXX)H/HS(X. 


LENGTH 


M MACH 

CO 

?t : PT 

6e ■ ELEVON 


Definition 

thickness of model skin 3 in. 
wing semi-span-in. 

specific heat of model skin material, BTU/lbj^ - "R 

wing and vertical chord length-in 

constants in curve fit for C over model wall temp- 
erature range 

specific heat of air stream (perfect gas value) 
BTU/lb^ - 

recording-system channel 
adiabatic wall enthalpy, BTU/lb^ 

free-stream total enthalpy, BTU/lb^j^ 

enthalpy based on model wall temperature for given 
T/C location at initial time, BTU/lb^ 

heat- transfer coefficient at model wall for given 
T/C location, 1 by ft 2 -sec 

stagnation-point heat-transfer coefficient for 
reference sphere, ibyft - sec 

XXX)ratio of model heat-transfer coefficient to heat- 
transfer coefficient of reference sphere for H^yH^ 
X.XXX 

model reference length-ft 

free-stream Mach number 

free- stream total pressure, psia 

heat-transfer rate at model wall for given T/C lo- 
cation at initial time, BTU/ft^ - sec 

eleven deflection angle, degree 

3 '' ' ■ ' 




NOMENCLATURE (Continued) 



QS 

stagnation-point heat-transfer rate for reference 
sphere at initial time, BTU/ft‘^-sec 

Rs 

RS 

reference sphere radius at model scale equivalent 
to 0.305 m (1 ft) for full-scale vehicle, ft. 

Re /ft 

\X> 

RE/ FT 

free-stream Reynolds number per foot 

Re L 
“ » 

REL 

free-stream Reynolds number based on model reference 
length, L 

St(X.XXX) 

ST(X.XXX) 

Stanton number based on free-stream flow conditions 
and the model heat-transfer coefficient for - 

X.XXX 

T 


•temperature, °R 

Tt 

TT 

free-stream total temperature, °R 


TW 

model wall temperature for given T/C location at 
initial time, °R 

T/C 

T/C 

thermocouple 

t 

TIME 

time, sec. 



initial time (before model insertion into flow) 
extrapolated from f(T^) vs time, sec 

u 

W 

X 

/o 

Y 

Yq 

Z 


velocity, ft/sec 

lb 3 

density of model skin material ' ni/ft 
distance aft of given reference point>in. 
Orbiter longitudinal station, in. 
wing spanwise distance from (^, in, 
Orbiter lateral station, inches 


vertical spanwise distance from VI. L. = 500; in. 


Orbiter vertical station* inches 

0 - 
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nomenclature (Concluded) 


viscosity of air, Ib-sec/ft 
density of air, slug/ft^ 
angle of attack 
angl e of si deslip 

angular location coordinate on Orbiter 
defined in Data Reduction section 
defined in Data Reduction section 
slope of straight line 


adiabatic wall 

initial value before model insertion 
into tunnel flow 

perfect gas (calorically and thermally 
perfect gas)' 

reference sphere 

free-stream total condition 

vertical tail 


free-stream 
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INTRODUCTION 


This report presents test information and data from a test program 
conducted with a .0175-scale thin-skin thermocouple model of the Rockwell 
International Space Shuttle Orbiter 139 (Model 22-0) in the NASA-Ames 
Research Center 3.5-Foot Hypersonic Wind Tunnel. The purpose of this 
program was to obtain aerodynamic heat transfer data on the Orbiter under 
simulated entry conditions. 

The model was tested at a Mach number of 7.3 and free-stream Reynolds 
numbers from 1.0 x 10^ to 6.0 x 10^ per foot. The angle of attack was 
varied from 10° to 30° with 0° sideslip angle. 



CONFIGURATIONS INVESTIGATED 

The model tested was a 0. 0175-scale thin-skin thermocouple model of 
the Rockwell International Space Shuttle Orbiter 139 for vehicle 3 (see 
Fig. 3). It was constructed of 15-5 PH stainless steel with the instrumen- 
ted areas machined to a nominal skin thickness of 0.030 in. 

The model was provided with the following control -surface deflections 
Elevons (both); -40°, 0°, +5°, +10° 

Rudder flare: 0°, 40° (outside surface included angle) 

Body flap: 0°, +10° 

However, for this test program the eleven deflections were 0°, 5°, 
or 10° with both the rudder flare and body flap oef lections set to 0°. 

The model angle of attack was varied from 10° to 30° vnth 0° sideslip 
angle. 

The following nomenclature is used to describe model components for 
the vehicle 3 configuration: 

Body: 

Canopy: Cy 

Elevon: E 22 

Body flap: Fg 
OMS Pods: 

Rudder: Rg 
Vertical : Vy 
Wing; 

Table III presents model dimensional data. . 
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MODEL INSTRUMENTATION 


Model instrumentation consisted of 288 iron-constantan thermocouples 
(30-gage wire) spot welded to the thin-skin (nominal thickness of 0.030 in.) 
inner surface. For this test program, only 75 of the thermocouples were 
used. These thermocouple locations and the actual skin thicknesses are 
tabulated in Table IV. 
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TEST FACILITY DESCRIPTION 


The NASA-Ames 3.5-Foot Hypersonic Wind Tunnel is a closed-circuit, 
blowdown-type tunnel capable of operating at nominal Mach numbers of 5, 

7, and 10 at pressures to 1800 psia and temperatures to 3400“R for run 
times to four minutes. The major components of the facility include a gas 
storage system where the test gas is stored at 3000 psi, a storage heater 
filled with aluminum-oxide pebbles capable of heating the test gas to 3400“R, 
axisymmetric contoured nozzles with exit diameters of 42 inches for gener- 
ating the desired Mach number, and a 900,000 ft^ vacuum storage system 
which operates to pressures of 0.3 psia. The test section itself is an 
open-jet type enclosed within a chamber approximately 12 feet in diameter 
and 40 feet in length, arranged transversal! y to the flow direction. 

A model support system is provided that can pitch models through an 
angle-of-attack range of -20 to +20 degrees, in a vertical plane, about 
a fixed point of rotation on the tunnel centerline. This rotation point 
is adjustable from 1 to 5 feet from the nozzle exit plane. The model 
normally is out of the test stream (strut centerline 37-inches from tunnel 
centerline) until the tunnel test conditions are established after which 
it is inserted. Insertion time is adjustable to as little as 1/2 second 
and models may be inserted at any strut angle. 

A high-speed, analog-to-digital data acquisition system is used to 
record test data on magnetic tape. The present system is equipped to 
measure and record the outputs from 80 transducers in addition to 20 
channels of tunnel parameters. 
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TEST PROCEDURE 


The model was mounted with a base sting at a preset attitude on the 
tunnel quick-insert mechanism. The quick-insert mechanism injected the 
model into the air stream when steady-state test conditions were established 
and retracted the model at the completion of data acquisition. The model 
injection and retraction times were each set at about 1 second and the 
time on the tunnel centerline was also set at about 1 second. 

The model wall temperature data for each thermocouple location and 
the tunnel conditions were recorded on magnetic tape at 0.07-second in- 
tervals during the test duration of about 3 seconds. 
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DATA REDUCTION 


All test data were reduced at the NASA/ Ames Research Center using the 
data- reduction techniques outlined below. The thermocouple data were 
reduced using the one- dimensional, thin-wall equation; 

dT H H 

q ° WCb => h (H - H ) S hH^ (^ 7 ^ - ■— ) 

^ dt ' aw w' t 'H H ' 

t t 


( 1 ) 


which neglects heat-conduction losses. 

Assuiaing that W and h are constant and 


C - C + C. T + C„ T 2 for T ranges 
o 1 w 2 w w * 


the integration of equation (1) for t « to t and T^ T^ 


to T^ yields the linear equation: 


f (T ) « 

w 


- ini 


T' - T 
aw w 

T' - T 
aw w, 


fV T + T 
aw , w w . 

+ i 


aw 


aw 




/T 

( w 


( 2 ) 


- T 


he 

wa^ b 

aw 


where it is defined that: 


H R H 

T‘ aw _ aw t ^ v 

^ c ^ H c — ^^aw^PG 
p t p 




( 3 ) 


(A) 


C’ = G + G, T' + C„ T' ^ 
aw o 1 aw 2 aw 


specific heat at adiabatic wall temperature 
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( 5 ) 


1 


The form of Eq (3) is = mt + a where m is the slope and a 1 b 

the intercept for a straight line if heat- conduction errors are negligible. 
Thus, deviations from a straight line can indicate heat-conduct ■ on effects. 

Tlie slope, m, of f(T^) vs t from Eq (3) is computed by a least-squares, 
straight-line fit over a finite time Interval (approx 1 sec) beginning when 
the model reaches uniform tunnel flow. The value of the heat-transfer 
coefficient, h, is then determined from: 


WC’ b 
aw 


m 


( 6 ) 


Using this value of h, the heat-transfer rate is evaluated at the initial 
time, t^, when the model is isothermal at the initial wall enthalpy. 


H 


w, 


^ " ^i “ ^ hH^ 


II 

H. 




(7) 


where is the same value used to evaluate h. The resultant value 

of q is independent of the value of used fox both the h and q 

evaluations. 

The reference sphere heating is also evaluated at the ini tal wall 

enthalpy by the method of Fay and Riddell (ref. 1) ; 

H 

^ "s “t 

The model-to-sphere ratio of heat-transfer coefficients then 
detesnnined from Eqs. (7) and (8) as 


% - ^ •-S \ »•'’ - 


( 8 ) 


h_ 

h 


^1 


X.C - 

- V"‘ 


( 9 ) 
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where is constant for all values of 

To determine h/h for various values of H /H , the particular value of 

Q dVr ^ 

H /H is substituted into Eq. (9). 
aw t 

The Stanton number is defined as 

h ^i 

st= — " • • 

pu pu(H^^ - \ 0 

where for free-streara conditions, pu . « 

The calculations of the model heating, reference sphere heating, and 
Reynolds number included the corrections of NAGA report 1135 (ref. 2) for 
calorically imperfect, thermally perfect air. Keyes' equation for viscosity 
(see ref. 3) was also used for the sphere heating and Reynolds number 
computationn! 

0.0232 X 10“^ T°‘^ 




where the units for T and p are R and lh~Hec/£t , respectively. 
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TABLE I. 


TEST: OH-6 

(ARC 3.5-183) 


DATE: 2/11/74 


TEST CONDITIONS 


Mach Number 

Reynolds Number 
(per foot) 

Total Pressure 
(pounds/sq. inch) 

Total Temperature 
(deg. Rankine) 

7.3 

1.0 X 10^ 

235 

1500 

7.3 

2.0 X 10^ 

470 

1500 

7.3 

2.75 X IQS 

645 

1500 

7.3 

3.7 X 106 

870 

1500 

7.3 

6.0 X 1Q6 

1410 

1500 
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TABLE II. RUN SCHEDULE 
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TABLE II. (Concluded) 
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TABLE III. - MODEL DIMENSIONAL DATA. 

^^L COMPONENT; BODY - B17 

GENERAL DESCRIPTION: Fuselage, 3 Coafiguration, Liqhtvfeight Crbiter 

per Rockwell Lines VL7O-C0Q139 


Model Scale = 0.0175 


DRAWING NUMBER : 


VL70-G0QI39 


DIMENSIONS : 

Length - IN. 

Max. Width - IK. 

Max. Depth - in. 

Fineness Ratio 
Area ~ FT^ 

Max. Cross-Sectional 

Planform 

Wetted 

Base 


FULL-SCALE MODEL SCALE 


1_290_.3_ 

267.6 

.. 244 ., .5— 

4.8217 5 


22.58025 

4.6830 

k.^2115 


386.67 


0.11P42 


•/ 
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TABLE III. - Continued. S 


MODEL r.QMPONENTt Canopy - C? ^ 

* 

GENERAL DESCRiPTlONs Conriguratlon 3 Rockwell Lines VL70-0003-39 
In?u<'ficior,t infi;iTiation to ccmr-l'^te dim-nsional data at this- tine. 



Model Scale = 0.0275 


drawjng number 

OtMENSlON: 


FULL SCALE MODEL SCALE 


Length (Xo = 433 to = 670) - in. FS 237 

Mox Width 

Mox Depth (Zq = to Zq 501 ) - in FS 

Fineness Ratio 


4.148 


Max Cross-Sectional 

Plonform 

Wetted 
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TABLE III. - Continued. 


MODEL COMPONENT: ELEVQN E-22 

GENERAL DESCRIPTION: 3 Confi.?ur&tion p»;r VflO^.Roclcwell Lines 

VL70-000139 data for (l^ of (2) aides 


Sc&le Model = n.0175 


DRAWING NUMBER: 


VL70-000139 


DIMENSIONS: 

Area - 

Span (equivalent)- IN. 

Inb'd equivalent chord 

Outb'd equivalent chord 

Ratio movable surface chord/ 
total surface chord 

At Inb'd equiv. chord 

At Outb'd equiv. chord 

S\>/eep Back Angles, degrees 

Leading Edge 

Tailing Edge 

Hingeline 

Area Moment (Normal to hinge line) - FT^ 
Product of Arcfi Moment 


FULL-SCALE 

205.52 

353.34 

114.78 

55.00 


.208 

.400 


0.00 

-10.24 

0.00 

1548.07 


MODEL SCALE 
0.06?94 
6.18345 
2. 0^865 
0,96250 


.208 

.400 


0.00 


-10.24 


0.00 


0.0082"’ 
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TABLE III. - Continued. 


MODEL COMPONENT; F5 Body Flap 


general DESCRIPTION: 3 ConTigumtlcn per Rcckwell Unea VL70-000139 



Scale Model = 0.0175 

drawing number 

VL70-000139 


DIMENSiON; 

FULL SCALE 

MODEL SCALE 

Length ~ in 
Max Width ~ 

84.70 

1.4P225 

267.6 

4.6830 


Mcx Depth — ^ — 

Fineness Ratio 

Area - Ffc^ 

Max Cross-Scctional 

Planform * lA^r5195 


Wetted 

Base 


38.0958 0,03 U7 
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TABLE III. - Continued. 

MODEL COMPONENT : 

GENERAL DESCRIPTION Orbital Maneuvering System Pods Located on t he 
Orbiter Aft Fuselage 


Model Scale ^ 0.0175 

DRAWING NUMBER VL70-0Q0139 

DIMENSIONS : 

Length -IN 
Max Width -IN 
Mox Depth -IN 

Fineness Ratio 
Areo - FT^ 

Mox. Cross-Sectional 
Pianform 

Wetted 
Base 

IZ of OMS Pod 

WP « 463.9 IN. FS: WP 400 + 63.9 = 463.9 

SP = 80.0 IN. FS 

length 1214-0 to 1560.0 = 346.0 IN. FS 

NOTE: M4 identical to M3 of 2A configuration, except 
intersection to body. 

22 


FULL SCALE MODEL SCALE 


346.0 


6.0550 


108.0 


1.890 


113.0 


113.0 


TABLE III. - Continued. 

model COMPONENT: _ RUDDER 

nA T and Conf l^viration per RockvrsU^j££^ 

general description: J A, 3 2 _ 

VL70-C00095 ’ 


Model Scale - n.ni75_ 


nRAMING NUMBER : 
DIMENSIONS: 


VT. 7 O-OOOI 39 

VL70-000095 


Area - FT^ 

Span (equivalent) - IK- 

Inb'd equivalent chord 

Outb'd equivalent chord 

Ratio niovable surface chord/ 
total surface chord 

At Inb'd equiv chord 

At Outb'd equiv. chord 

Sweep Back Angles, degrees 

Leading Edge 

Tailing Edge 

Hingeline 

Area Moment (Normal to hinge line)- FT^ 
Product of Area and Mean Chord 


FULL-SCALE 

106.38 

901.0 


50.833__ 


O.LQO 

0.400 


26.25 _ 
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TABLE III. - Continued. 


MODEL COMPONENT ; VERTICAL « V 7 (I.ifrhtweight Oribiter nonfi^ure.tior.^ 

GENERAL DESCRIPTION: Centerline vertical tan, doublevedge airfoil vlth 

rounded leading e 


but vri-th maniLpulttor housijis removed. 



Area (Theo) Ft^ 

Pianform 
Span (Theo) In 
Aspect Ratio 
Rate of Taper 
Taper Ratio 

Ste'eep Back Angles, degrees 
Leading Edge 
Trailing Edge 
0.25 Element Line 
Chords: 

Root (Theo) WP 
Tip (Theo) WP 
MAC 

Fus. St a. of ,25 MAC 
W. P. of .25 MAC 
B. L. of .25 MAC 
Airfoil Section 

Leading Wedge Angle Deg 
Trailing Wedge Angle Deg 
Leading Edqe Radius 
Void Area - 
Blanketed Area 



n.l?044 




1 


I 


TABtE III, - Concluded. 

NiODEL CQy.?QNENT; VilNG-W 103 ::ew Lichtvei-^ht Orbiter 

GENERAL nFSCRIPTI&\ : Configuration 3 Crbiter per Lines VL70-000139. 

KCfTE; SEne planforra p.s W87. except dihedral at TE 


Scale I'odel = 0.0:75 
TEST NO. 

DIMENSIONS; 


TOTAL DATA _ . 

Area C^neo * ) Ft^ 

Planform 
Span (Theo In. 

Aspect Ratio 
Rate of Taper 
Taper Ratio 

Dihedral Angle, degrees (9 TE of Eleven) 
Incidence Ar.gle, degrees 
Aerodynamic Tvvist, degrees 
Sweep Back Angles, degrees 
Leading Edge 
Trailing Edge 
0.E5 Element Line 
Chords: 


Root 

(Theo) 

B. P.0.0. 

Tip, 

(Thi 

eo) 

3.P. 

MAC 




Fus. 

Sta 

. 01 

r .25 MAC 

W.P. 

of 

.25 

MAC 

B.L. 

of 

.25 

MAC 






EXPOSED DAT A 2 

Area ^ineo) Ft 
Span, (Theo) In. BP108 
Aspect Ratio Qi^ - 

Taper Ratio 
Chords 

Root BP103 
Tip 1.00 _b 

MAC ^ 

Fus. Sta. of .25 MAC 
W.P. of .25 MAC 
B.L. of .25 MAC 

Airfoil Section (Rockwell Mod NASA) 
XXXX-64 

Root ^ ° . 

2 

Tip b “ 

A 

ua for (1) of (2) Sides 

Piiinvorm .*Arva F^- _ .a p* 

,.ca.:.ir.g ."Lgc- I.n-ursects .-us M. u, 0 ..<ta 
Lcaoing ......c.'saccs /lir.g !? Sta 


DWG. NO. 

FULL-SCALE MODEL SCALE 


2690.00 

916. 6^ 
2.263 
1.177 
0.200 
1.500 
3.000 
+1.000 

45.000 
-10. 24 

6R0.24 

137.e5_ 

ou 


'l36x 




TIL' 


182.11 


0 . 8218 : 

16 . 16:77 

1.17^ 
0 . 2.00 
1.5G0 ~ 
l.OOC; 
- 1.000 

45.000 


12.86170 
2.4: 2'^" 
8.3061- 
19.8v5:>' 
5.2!^'’ 
3.1-72^ 


1752.29 

- 

2.058 

0.2A51 


0.53664 

1 2.'6i':'6~ 


Q.2L‘,^ 


562.40 

137.83 

393.03 

~l.:c^5-3r 

300.20 

251.76 


9.8/,2^ 

2.41231 

6.87P8? 

^ '>c O t , ■ 

r.^-i5^~ 


0.10 0.10 

0.12 0.12 


s6r..o 
101^ . . 


TABLE IV. - THERMOCOUPLE LOCATIONS 
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TABLE IV. 

Fuselage - Concluded, 


UD CO ro CM 

CM CM cn CO 
o o o o 


m o Ln LO 

CD O o 


o o o o 
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CD O O O 
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O O O O 
O O O O 
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CM 01 ID CD 
CM CM CO CO 


27 


X Yq Skin thickness Remarks 

. ful? scale) (in> full scale ) (inches) 
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Positive directions of force coefficients 
moment coefficients, and angles ore 
indicated by arrows 



Figure 1. - Axis Systems 






32 




. Closeup of Sting and Top Rear of Model 22-0 Thin-Skin Thermocouple 
Orbiter 139; a - 15°, $ = 0°, = +10° 





ORIGWAIWG^ 
OF POOR QUAUPw 
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Closeup of Sting and Bottom Rear of Model 22-0 Thin-Skin Thermocouple 
Orbiter 139; a = 15°, 6 = 0°, 6. = +10° 
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